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A Solar-Powered World by 2025 



f the transition to a solar-powered world is to be completed 
j within 50 years, major resource commitments must be made 
immediately. Such a goal can be achieved only if an ambitious 
timetable of interim goals is met. Failure to begin building the 
equipment, establishing the infrastructure, and educating people in 
the skills needed in a solar era will only increase the cost and disrup- 
tion of the transition and decrease the likelihood of its completion 
within five decades. 



Meeting five-sixths of the anticipated world energy budget in the 
year 2025 with solar technologies could involve using more than 70 
billion square meters of solar collectors and 7.5 million megawatts of 
solar cells. World hydroelectric capacity would be quadrupled, five 
million wind turbines would be constructed, and about 15 percent of 
the world's forests would be devoted to raising wood as an "energy 
crop.'' Commitments of this magnitude are certainly possible over a 
50-year period, but they are unquestionably ambitious. 



A substantial body of literature has documented the technical feasibil- 
ity and social desirability of solar energy sources. More jobs— and less 
environmental deterioration— would be created per unit of energy 
than with any other source. The security of energy supply would be 
enhanced. Individuals, neighborhoods, regions, and nations would 
become increasingly self-reliant. And the new energy system would 
be sustainable for as long as the earth remains inhabitable. 1 



Despite the attractions of a solar-powered world, surprisingly litt! 
thought has been given to the sheer physical requirements of a glob 
solar transition. Considering the increasingly tight constraints unci 
which all conventional energy resources are operating, the time h 
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clearly arrived for serious thought to be given to the implications of 
converting the world economy to solar energy. This proposed time- 
table is an attempt to sketch one of several possible paths to that goal. 
It is not a "forecast," and it is certainly not a "projection." Rather it 
is an attempt to describe a feasible course for a world that needs to 
move rapidly toward increased reliance upon renewable energy re- 
sources. 2 

Oil and natural gas, which now account for about three-fifths of the 
world's annual fuel consumption, will almost certainly have been re- 
duced to subordinate roles in the global energy picture by 2025. In- 
deed, world oil production could begin to decline before 1990. While 
there remains some controversy over the exact date that world oil 
production will "peak", the Vice Chairman of Sun Oil Company 
acknowledged a widely perceived truth when he recently remarked, 
"We are in a business that is dying." Some new source, or combina- 
tion of sources, will be required to fill the gap. 3 

For some time, planners believed that the gap would be filled mostly 
by energy from coal and nuclear fission. While it was recognized that 
problems would attend the development of both these sources, the 
difficulties were considered to be more manageable than the crises 
that could result from having too little energy. An emerging body of 
evidence suggests this assumption may be wrong. Some of the prob- 
lems associated with the large-scale worldwide development of coal 
and nuclear power could dwarf the stresses that such development 
was intended to aVoid. 

The relative abundance of coal leads many energy planners to think 
of it as a long-term energy option— a mistake seldom made for oil and 
gas. Thus coal is expected to be the centerpiece of the post-petroleum 
energy budgets in such countries as China, Australia, and the United 
States. While there are many unfortunate, and often unhealthy, con- 
sequences associated with coal extraction and combustion, the most 
intractable long-term problem arises from the atmospheric accumula- 
tion of carbon dioxide. 

Carbon dioxide is produced whenever any fossil fuel is burned, but 
more CO2 is produced per unit of energy released by coal combustion 



"Nuclear power, like coal, is beset by 
myriad difficulties." 



than by burning either oil or gas. Adding CO2 to the air raises the 
earth's temperature by slowing down the escape of heat into space. 
This CO2 greenhouse effect was a matter of speculation as recently 
as five years ago, but most meteorologists now agree that it is a matter 
of concern. An excellent report on the dangers was issued in 1977 by 
the U.S. National Academy of Sciences. Among the consequences 
would be a decline in food production in "breadbasket'' regions, and 
a shift in agriculture to less fertile areas. 4 

Although there is disagreement over just how soon major changes 
in the earth's climate could result from the buildup of CO2 that has 
already begun, many knowledgeable observers feel dire consequences 
are possible before 2025. A January 1978 article in the British science 
journal Nature concluded: 

If the CO2 greenhouse effect is magnified in high lati- 
tudes, as now seems likely, deglaciation of West Antarc- 
tica would probably be the first disastrous result of 
continued fossil fuel consumption. A disquieting thought 
is that if the present highly simplified climatic models 
are even approximately correct, this deglaciation [and 
the consequent five-meter rise in sea level] maybe part of 
the price that must be paid in order to buy enough time 
for industrial civilization to make the changeover from 
fossil fuels to other sources of energy. If so, major dis- 
locations in coastal cities, and submergence of low-lying 
areas such as much of Florida and the Netherlands, lie 
ahead. 5 

Nuclear power, like coal, is beset by myriad difficulties, including the 
risk of catastrophic accidents (especially with breeder reactors) and 
the disposal of long-lived radioactive wastes. These difficulties, and 
the public concern that they have helped to generate, have caused 
some former nuclear champions to become pessimistic. John O'Leary, 
Deputy Secretary of the U.S. Department of Energy, remarked in 
February 1978 that "nuclear power, which ten years ago was the 
hope of all energy planners, is now a 'has-been'." 6 

The most awesome problem facing nuclear power is posed by the 
inextricable link between this energy source and nuclear weapons. 



Depending upon the level of global energy demand postulated for the 
year 2025, meeting just half of it with nuclear power would require 
the recycling of between 7 million and 20 million kilograms of some 
fissile isotope— probably plutonium-239— every year. About five kilo- 
grams of any such isotope is all that is needed to make an atom bomb. 

The inevitability of "normal" losses during production would allow a 
thief who operated within the credible margin of error to divert large 
amounts of bomb-grade materials without detection. As of August 
1977, official U.S. inventories showed 1,534 missing kilograms of 
plutonium and 2,227 absent kilograms of highly enriched uranium- 
enough material to make 750 atom bombs. It may well be that none of 
this material has fallen into the hands of criminals, terrorists, or for- 
eign governments, but the material cannot be accounted for. This 
uncertainty would swell to much more terrifying proportions with 
the creation of a huge, worldwide nuclear program. 7 

Nuclear fusion may eventually provide significant amounts of com- 
mercial electricity, but its future is uncertain at the moment. Con- 
ceptual design studies of the fusion approaches that now receive the 
lion's share of international research and development funding sug- 
gest that such techniques may have little commercial applicability. 
However, a recent survey of alternative fusion concepts by the Elec- 
tric Power Research Institute found several promising avenues for 
research— some of which could lead to comparatively small-scale, 
decentralized applications. Nonetheless, even this generally encour- 
aging review was not sanguine about the rapid development and com- 
mercialization of "clean" advanced fusion cycles. Controlled thermo- 
nuclear fusion has yet to produce more energy than it consumes. 
While some advanced fusion processes would provide an attractive 
supplement to solar resources, their successful development cannot 
now be counted upon. 8 

Even as the other long-term options have begun encountering un- 
expected problems, extraordinary strides have been made in technolo- 
gies to harness the essentially inexhaustible energy of the sun. Exist- 
ing solar technologies can provide energy as heat; as solid, liquid, or 
gaseous fuels; or as electricity. The sunlight that strikes the earth 



daily contains 10,000 times more energy than all the conventional 
fuels burned that day. Obviously, the solar resource base is more 
than adequate to meet any likely level of human energy use. 

Technologies to harness the energy in sunlight, wind, falling water, 
and biomass are referred to by several names, including appropriate, 
light capital, intermediate, distributed, soft, and renewable. The differ- 
ent names often carry different nuances. The term "light capital" 
technologies generally refers to inexpensive devices (biogas plants, 
for example) that Third World villages can build of indigenous mate- 
rials; "distributed" technologies generally suggest decentralization as 
a prime criterion; "soft" technologies generally indicate devices that 
increase the efficiency with which transitional fuels are used as well 
as those that harness renewable resources. But all refer to an energy 
system reliant upon energy "income" from the sun, rather than one 
dependent upon the energy "capital" in fossil or fissile fuels. Many 
countries have begun to examine carefully such solar alternatives in 
light of their particular geographical locations and energy needs. 

The quality of energy sought from the sun and the costs of collecting, 
converting, and storing that energy usually correlate directly: the 
higher the desired quality, the higher the cost. Sources and uses must 
therefore be carefully matched, so that expensive, high-quality energy 
is not wasted on jobs that do not require it. For example, a hot bath- 
tub contains more energy than does a small storage battery, but the 
electricity in the battery is of a higher quality than is the heat in the 
tub. It is very difficult to power a transistor radio with a hot bathtub, 
and it is generally wasteful to heat bathwater with electricity. In the 
course of considering the use of solar technologies in various coun- 
tries, it will be important to bear in mind the qualitative dimension of 
energy demand. 

Conventional wisdom holds that while solar energy has many attrac- 
tive characteristics, it is too expensive today for widespread applica- 
tion. As is so often the case with conventional wisdom, yesterday's 
truth has become today's misapprehension. Five years ago, solar ener- 
gy could not compete economically with low-priced fuels. But since 
1973 the cost of solar equipment has dropped steadily while the costs 
of all competing energy sources have skyrocketed. Solar technologies 



can now provide energy for many purposes at no higher cost than 
new investments in conventional energy sources. 

There remains much room for improvement. Many solar technologies 
can benefit from research advances, and mass production using new 
materials will doubtless lead to substantial reductions in cost. In- 
creased attention to the solar prospect may lead to breakthroughs that 
are not now apparent. In the meantime, it is possible to begin sketch- 
ing the broad outlines of a global solar strategy to provide almost all 
of humanity's commercial energy from renewable sources by 2025. 

How much energy will be needed in the year 2025? Estimates range 
widely. Most countries assume that their fuel requirements will con- 
tinue to grow for the foreseeable future. If the need for an eventual 
energy ceiling is admitted, the day of reckoning is always thought to 
lie beyond the horizon of official projections. Studies of future con- 
sumption patterns do not generally include an in-depth examination 
of a spectrum of alternative policies. Policymakers ask only, "Where 
do we seem to be heading?" They make no attempt to grapple with 
the question, "What can be?" 9 

This process of gazing into a rearview mirror and proclaiming it to 
be a crystal ball necessarily results in certain analytical hazards. Dur- 
ing the last 25 years, world fuel consumption tripled, oil and gas con- 
sumption quintupled, and electricity use grew almost sevenfold. 
Clearly, such trends cannot long be sustained. The Arab oil embargo 
of 1973-74 led to the first major global discontinuity in energy 
growth; others will certainly follow. 

In an era of major discontinuities, 50-year forecasts can have only 
limited value at best. Yet it is necessary to formulate a vision of where 
we are going in order to be able to design a strategy for getting there. 
Our vision of 2025 would see a 75-percent larger world population 
using twice as much energy annually as we now use— and using it 
about twice as efficiently. This assumes a 50-percent increase in 
energy use in the industrial world and a 400-percent increase in the 
Third World. And the energy efficiency target is a reasonable goal 
given an aggressive world energy conservation effort. 



"Solar technologies can now provide 
energy for many purposes at no higher 
cost than new investments in conventional 

energy sources." 



Dollar for dollar, a trillion-dollar investment in increasing the energy 
efficiency of the world's buildings, industries, and transportation sys- 
tems would save more energy than the same expenditure on new 
energy facilities would produce. In the United States, for example, im- 
proving the efficiency of air conditioners would save ten times as 
much electricity as identical investments in new power plants would 
produce. In India, $10 spent on improving stove efficiency can cut a 
typical village family's wood consumption in half— saving $10 to $25 
per year. In neither case is a loss of benefit or comfort involved. And 
in both cases, the energy saved is just as useful as "new' energy 
would be. 10 

Comparisons between countries and within the same country over a 
period of years make it clear that economic well-being is not based 
on increases in fuel consumption. Over the past 50 years, the amount 
of fuel consumed per dollar's worth of goods and services produced 
has fallen in most countries— despite declining real energy prices. 
With rising energy prices a near-certainty for the foreseeable future, 
this trend can be expected to accelerate dramatically. This will merely 
require increases in the fuel-efficiency of machinery and the improved 
operation and maintenance of this equipment. Moreover, an intelli- 
gent program of energy conservation can actually bolster employ- 
ment." 

Virtually all oil-importing countries have begun to take significant 
strides to improve energy efficiency. The nature of the energy con- 
servation methods employed sometimes bears no particular relation- 
ship to the ideology of the government involved, in the Soviet Union, 
for example, the price of gasoline was doubled in March 1978, and the 
marketplace was relied upon to reduce gasoline consumption. In the 
United States, on the contrary, all efforts to remove price controls 
from gasoline have been soundly defeated. Reliance is instead placed 
upon a federal program to regulate the fuel efficiency of new cars. 

Assuming, then, a vigorous effort to increase efficiency, annual world 
energy use from all sources in 2025 could amount to 60 x 10 16 kilo- 
joules. (A kilojoule is slightly less than a British Thermal Unit. The 
proposed energy budget— 600 quadrillion kilojoules— equals about 570 
quadrillion BTUs.) This is approximately equal to the energy released 



by burning 21 billion metric tons of coal. Five-sixths of this 2025 en- 
ergy budget could be met by renewable energy resources if the pro- 
posed timetable is followed. (See Figure 1.) Thirty-six percent of this 
solar energy would be used directly as heat; 44 percent as solid, liquid, 
and gaseous fuels (mostly of biological origin); and 20 percent as elec- 
tricity. (See Table 1.) This is a fourfold increase in the use of elec- 
tricity, representing an annual growth rate of about 3.1 percent. 

Existing nuclear power plants, which contributed only 0.66 percent 
of world energy in 1977, would have long since completed their use- 
ful lifetimes, and been replaced by solar-electric facilities. Fossil fuels 
would contribute about one-sixth of all energy use, mostly as backup 



10 16 kilojoules 




• ■ — | 1 1 

1980 1995 2010 2025 

Figure 1: Proposed World Energy Production 
Timetable, 1980-2025* 



*Energy sources supplying less than 1 percent of total are omitted. 



for solar sources. At that level of usage, these fuels would last more 
than 1,000 years, and the CO2 threat would be postponed for at least 
two centuries— allowing succeeding generations more flexibility in the 
rate at which they phase out the combustion of fossil hydrocarbons. 

It would be possible to have a 100-percent solar energy budget by 
2025. Preliminary studies have suggested how this might be accom- 
plished in Canada, Sweden, and the United States, and it is undoubted- 
ly feasible elsewhere. The State of California, which is equivalent to 
the sixth largest industrial country in the world, currently has a de 
facto nuclear moratorium and recently began offering a 55-percent tax 
credit to encourage solar development. California is now the subject 
of the most detailed examination of solar energy prospects that has 
yet been undertaken, and the preliminary results suggest that a com- 
plete transition would be possible by 2025. 12 



Table 1: World Solar Energy Timetable, 1980-2025 



Energy Source 


1980 


1995 


2\j^ 


2025 


Active Solar Heating 
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3.0 


6.0 


11.0 


Passive Solar Heating 





1.0 


4.0 


7.0 


Total Direct Solar Heat 





4.0 


10.0 


18.0 


Wood 


4.0 


6.0 


7.0 


8.0 


Liquid Fuels 





2.0 


4.0 


8.0 


Gaseous Fuels 





2.0 


4.0 


6.0 


Total Biomass Fuels 


4.0 


10.0 


15.0 


22.0 


Hydroelectric 


0.5 


1.0 


1.5 


2.0 


Wind Power 





0.5 


1.0 


2.0 


Solar-electric 





1.0 


3.0 


6.0 


Total Renewable Electric 


0.5 


2.5 


5.5 


10.0 


Total 


4.5 


16.5 


30.5 


50.0 



Source: Worldwatch Institute. 



However, energy transitions have seldom led to 100 percent replace- 
ments. Heavy reliance on coal began in the eighteenth century, but 
wood still contributes about one-sixth of the world's energy today. 
Heavy reliance on oil began seven decades ago, but coal still contrib- 
utes more than one-fourth of the world's energy. Fossil fuels, par- 
ticularly oil and gas, have desirable characteristics. They have high 
energy densities and they are easily transported and stored. Although 
they are not sufficiently abundant to long sustain their current role 
as the world's primary sources of energy, they could and should play 
some role well into the twenty-first century. The world's principal 
reliance, however, should shift to solar resources by 2025. In modest 
ways, this transition has already begun. It needs to be vastly acceler- 
ated if this timetable is to be met. 

Heating and Cooling 

Heating water with sunlight is simple. The collector is, in essence, a 
box with a black bottom and a glass top. Glass is transparent to sun- 
light but much less so to heat. When the black bottom is struck by 
sunlight, it warms up, and this heat is trapped inside the collector. 
When water is pumped through the hot collector, its temperature 
rises. The hot water is then piped to a very well-insulated storage tank 
where it is kept until needed. 

About 10,000 Cypriot homes, 30,000 American homes, 250,000 Is- 
raeli homes, and over two million Japanese homes have solar water 
heaters. In remote parts of Northern Australia, where fuels are ex- 
pensive, solar water heaters are required by law on all new buildings. 
Niger requires them on all new hospitals, hotels, schools, and housing 
for government employees. 13 

It is also simple to heat buildings with solar energy. "Passive" solar 
homes have heating systems with just one moving part: the earth, 
moving around the sun. Passive solar buildings capture sunlight 
where it strikes the building's walls and floor. Such systems are de- 
signed to protect the structure from summer heat while retaining the 
sun's warmth during the winter. Passive solar architecture is, beyond 
doubt, the mo?H efficient and cost-effective way to heat and cool new 
buildings. Moclest investments will often provide 80 to 100 percent 
of a building's heating and cooling requirements. But it demands 



advance planning; passive features cannot easily be added to existing 
structures. 14 

"Active" solar heating systems are more expensive, but they can be 
bolted onto the roof or southern wall of existing buildings as a sub- 
stitute for— or supplement to— conventional furnaces. In active sys- 
tems, fans or pumps move solar-heated air or liquid from collectors 
to storage areas, from which the heat is drawn as needed. Solar self- 
sufficiency will usually dictate a combination of active and passive 
features in the temperate regions of the world. In the United States, 
about 4,500 homes and several hundred larger buildings now employ 
either passive or active solar space heating. The number has been 
more than doubling each year since 1974. 15 

Buildings can be cooled as well as heated by sunlight. Again, passive 
solar design is the most important first step, but active solar air con- 
ditioners are also now being marketed. Fortuitously, absorption solar 
air conditioners reach peak cooling capacity when the sun burns 
brightest, which is when they are most needed. They therefore could 
reduce peak demands on many electrical power grids. As solar air con- 
ditioners penetrate the housing market, the overall economics of ac- 
tive solar heating systems will improve because solar collectors will 
begin providing a year-round benefit. 

Solar-thermal technologies have industrial applications as well. A 
study of the Australian food-processing industry, for example, found 
that heat accounted for 90 percent of the industry's energy needs. 
Almost all this heat was at under 150° C and 80 percent was below 
100° C, the boiling point of water. Such low temperature heat can be 
produced and stored easily using simple solar devices. Solar equip- 
ment has been applied on an experimental basis to various agricul- 
tural tasks in Australia, including a 56-square-meter solar heating unit 
for timber drying. In 1977, a commercial soft drink manufacturer near 
Canberra began using solar collectors. In the United States, solar heat- 
ing is now being applied to a soup-canning plant in California, a 
fabric-drying facility in Alabama, and a concrete block factory in Penn- 
sylvania. Solar-powered laundries and car washes are now operating 
in California, and a St. Louis brewery has turned to solar pasteuriza- 
tion. 16 



Throughout much of the industrial world, solar heating is now more 
economical than electricity. That is to say, if the energy were to come 
from a new solar unit or a new nuclear or coal power plant, the solar 
investment would be cheapest. The individual homeowner, of course, 
does not buy electricity just from the expensive new power plant; the 
utility averages the expensive new energy in with cheap energy from 
existing sources, so that the true cost of new power is hidden from 
the individual consumer (though borne, through rising utility bills, 
by all consumers). In Seattle, Washington, for example, the average 
price of residential electricity is now less than lc per kilowatt-hour. 
But electricity from a new nuclear power plant would cost at least 7<r 
per kilowatt-hour. At the lower, average prices, only the cheapest 
solar equipment is economical. But compared to the higher cost for 
new power, virtually all solar heaters look attractive. For society as a 
whole, the additional energy could be most cheaply harnessed with 
solar equipment. It is thus in society's interest to encourage— and 
perhaps subsidize— individual and community solar purchases. 

Even where the homeowner must compare the costs of new solar 
equipment with the average cost of competing energy sources, solar 
investments will generally make sense over the lifetime of a building. 
The most important first step is to incorporate passive solar design 
into the building's blueprints. Often this costs little or nothing. For 
example, it costs no more to place most windows in the southern wall 
than to place them facing north, but southern windows capture the 
sun's warmth while northern windows merely leak the building's 
internal heat. Roof overhangs, masonry floors, and working shutters 
are not expensive. When they are combined with tight construction 
and good insulation, they can lower the heating load of the building 
by 75 percent and more. In Arkansas, 200 well-designed houses con- 
structed under a grant from the U.S. Department of Housing and 
Urban Development cost no more than neighboring houses that were 
built using conventional construction standards, but their fuel bills 
are only one-fourth as high. p 

More elaborate designs can lead to greater savings. In the relatively 
mild climate of Atascadero, California, Harold Hay's passive solar 
house was constructed with bags of water incorporated on its roof. 



These act like a "thermal flywheel," capturing the sun's energy on 
winter days and storing it to meet nighttime heating requirements. In 
the summer, the system collects heat from the interior during the day 
and radiates it outward at night. The cost of these solar features was 
about $5,000— but the system has provided 100 percent of the home s 
heating and cooling needs for several years. 18 

In climates where passive solar design will not provide 100 percent 
of heating requirements, backup fuels or active solar systems are 
needed. In Princeton, New Jersey, architect Douglas Kelbaugh's pas- 
sive solar home captures energy through a huge southern window 
wall during the day and stores it in a concrete interior wall that gives 
off heat during the night. Like other passive solar homes, the Kel- 
baugh residence employs no pumps or fans— just careful design. The 
solar features cost around $9,000, and they provide virtually all the 
home's requirements. In the unusually cold winter of 1976-77, the 
heating bill for supplementary conventional fuels in this comfortable 
northern residence was just $75 for the whole year. Financed with a 
standard home mortgage, Kelbaugh's solar energy system would re- 
quire $1,800 cash at the time of construction with monthly payments 
of $60— far less than his neighbors' fuel bills. 19 

Active solar heating systems can be used to supplement the energy 
provided by passive solar design. Many different solar collectors, 
pumps, fans, and storage systems are now on the market, although 
their prices vary considerably. Solar collectors can be built of durable 
metals for a materials-cost of about $20 per square meter. Princeton 
University physicist Ted Taylor believes the use of inexpensive plastic 
should make it possible to produce fairly durable collectors for a few 
dollars a square meter. In the United States, professionally installed 
active solar heating systems now range from under $100 per square 
meter to more than $700. 20 

Solar collectors at an installed-cost of $200 per square meter make 
economic sense when compared with the average costs of electrical 
resistance heating, except where cheap hydropower is plentiful. At 
$150 per square meter, they make sense compared with oil heat and 



electrical heat pumps. At $100 per square meter, they compete effec- 
tively with all residential fuels. The use of prefabricated units that are 
as easily installed as roofing could substantially reduce installation 
costs. 21 

In order to meet the solar heating goal of 20 x 10 16 kilojoules per 
year by 2025, an ambitious program must soon be undertaken. The 
"passive" heating contribution assumes a nearly immediate decision 
to promote intelligent architecture. Schools of architecture and engi- 
neering should institute courses teaching the necessary skills, and 
appropriate training programs could be established in the construction 
industry. By 1985, all new buildings should employ passive solar de- 
sign. In March 1978, the U.S. Department of Energy announced that 
it had under serious consideration a program to require that all new 
residences incorporate passive solar features. Since building stock 
turns over at the rate of about 2 percent a year, most of the world's 
built environment would incorporate at least some passive features by 
2025. There remains additional scope for improvement in this are? 
in subsequent years. 

As well as supplementing passive designs, "active" systems can meet 
the special requirements for high- temperature heat in industry and 



amount of surface area needed as sites for solar collectors in order to 
meet the timetable, some assumptions must be made. 

The amount of solar energy reaching different inhabited geographical 
locations varies by about a factor of three. The energy in the sunlight 
that falls on Stockholm each year contains about 3.5 x 10 9 joules per 
square meter. In some arid equatorial regions, however, annual in- 
solation is about 10 x 10 9 joules per square meter. 

In harnessing direct sunlight, the middle latitudes have a marked ad- 
vantage in consistency over the polar regions. The Kenyan highlands, 
for example, experience only a 35 percent variation in insolation 
through the year. In Stockholm, on the other hand, 30 times as much 
solar energy per square meter is available in June as in December. 
Thus, far more collector surface will be needed to deliver a given 
amount of heat in the winter than in the summer. Moreover, the heat- 
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"By 1985, all new buildings should 
employ passive solar design." 



ing required for buildings in Stockholm is obviously greater in the 
winter than in the summer. In order to capture the solar energy needed 
in winter, more collector surface must be installed than can be pro- 
ductively employed in the summer. (This disparity can be greatly 
mitigated by the use of seasonal storage of low-grade heat to warm 
buildings, but high-temperature industrial heat would be much harder 
to store for long periods.) So it is necessary to assume that only half 
the heat harnessed in solar collectors is actually put to productive 
use. Moreover, the collectors themselves do not capture and retain all 
the energy in sunlight that strikes them. Some is reflected off the 
glass or plastic cover; some leaks out of the collector itself. The 
calculations for this timetable assume that only half the energy that 
strikes the collector surface is captured, and that only half the energy 
captured each year is actually used. 

Assuming the sunlight striking a typical collector each year contains 
6 x 10 9 joules per square meter, an average square meter of collector 
surface would "deliver" one-fourth that amount, or 1.5 x 10 6 useful 
kilojoules per year. Thus, to meet the goals of the solar timetable, 
20.0 billion square meters of collectors must be built by 1995, 40.0 
billion by 2010, and 73.3 billion by 2025. If the average collector has 
a useful life of 25 years, about three billion square meters of new col- 
lector would be needed per year to maintain this level of direct solar 
heating. (It is hoped that collectors with longer life expectancies will 
have captured the market before 2025.) 

These are large figures, but not so imposing that the goal should be 
dismissed as impractical. They are, however, sufficiently large to lead 
to the inescapable conclusion that solar features must be incorporated 
into the basic structural design of new buildings. Because these col- 
lectors would be mainly placed on the roofs of buildings, including 
factories, the expense involved could be dramatically reduced if all 
new roofs were constructed at an optimal angle to the sun with a 
broad southern exposure. This, in turn, may be related to such seem- 
ingly trivial considerations as whether communities build roads along 
due north-south and east-west axes, so that buildings along the road 
are well oriented to take advantage of the sun. In many such subtle 
ways, a successful solar transition will involve changing the face of 
the world. 



Renewable Fuels 



All fossil fuels were once green plants. Existing technology can har- 
20 vest "energy crops" directly, without waiting hundreds of millions 
of years for nature to convert them into oil, gas, and coal. Dry plant 
material— biomass— contains about as much energy per ton as low- 
quality coal, and about 60 percent as much as high-quality bituminous 
coal. The hydrocarbons produced by some plants contain as much 
energy as oil does. 22 

Because vegetation can be grown almost everywhere, it is relatively 
immune to international political pressures. Unlike fossil fuels, bio- 
logical energy resources are renewable; they can be grown as long as 
the land remains fertile and water is available. Moreover, the use of 
biomass as commercial fuel involves few of the serious environmental 
drawbacks associated with the large-scale use of coal and oil. Although 
not given formal recognition in most official energy statistics, wood 
and charcoal currently contribute more than 15 percent of humanity's 
energy budget. 23 

To place the biological resource base in a broader perspective, the 
energy content of food, fiber, and lumber crops should be considered. 
In the United States, the potential energy contained in food, paper, 
and timber each year, when added to the potential energy in the resi- 
dues of the related industries, equals more than half of all commercial 
energy use. Yet barely 3 percent of this photosynthetic energy is now 
harnessed— virtually all by wood and paper companies. 24 

Biological energy sources can be divided into two broad categories: 
wastes from other biological processes (such as the food and fiber in- 
dustries), and energy crops grown for use as fuels. Wastes are the 
easier source to tap for energy, since they must be disposed of in any 
case. A variety of processes, including biogas production, pyrolysis, 
fermentation, hydrogasification, and hydrogenation, exist to convert 
organic wastes into high-quality fuels, and many cities and industries 
around the world have begun to tap their wr.stes for usable energy. 

In the post-petroleum era, energy crops can be expected to make a 
far greater contribution to the global energy budget. A variety of trees, 



"Biologically-derived fuels can be directly 
substituted for the oil and natural gas that 

are in short supply." 



grasses, and other types of vegetation have been suggested for inten- 
sive cultivation in energy plantations. Different crops will be appro- 
priate for different climates, geographical areas, and energy uses. It 
also appears increasingly likely that energy crops can be successfully 
cultivated at sea and in freshwater bodies, thus making available for 
cultivation some of the 70 percent of the earth's surface covered by 
water. 25 

Renewable fuels constitute a particularly attractive component of a 
solar energy budget. They provide a compact way of storing large 
amounts of energy for very long periods; one gallon of alcohol con- 
tains more energy than is easily stored in 100 gallons of hot water in 
a conventional solar heating system. Moreover, biologically-derived 
fuel can be directly substituted for the oil and natural gas that are in 
short supply. For example, existing automobiles can operate smoothly 
on blencfs of gasoline with ethanol or methanol, and only minor en- 
gine modifications are needed to use pure alcohol fuel. Similarly, 
methane produced by biogas plants can be fed directly into existing 
natural gas pipeline systems. And for many purposes, charcoal manu- 
factured from wood can serve as effectively as coke, which is pro- 
duced from coal. A fair number of countries are already pursuing bio- 
logical energy sources with vigor. China, for example, has built more 
than four million biogas plants in the last three years. These are de- 
signed to convert animal wastes and human excrement into methane 
—a clean-burning gas. Less aggressive biogas programs are being pur- 
sued by several other countries, including India, Indonesia, Korea, 
and Taiwan. The residue of the biogas process is an excellent fertilizer 
—far better than raw manure— and biogas plants also greatly assist the 
control of such communicable diseases as schistosomiasis. 26 

Brazil is engaged in a determined effort to substitute homegrown 
ethanol for 20 percent of its imported gasoline before 1985— a goal 
that will require the production of six billion liters a year. The first 
distillery built under the program is now producing 60,000 liters a 
day; 120 additional distilleries, ranging from two to four times as 
large as the first, are scheduled for construction by 1980. By 1995, 
Brazil hopes to substitute alcohol produced from sugar cane and cas- 
sava for all imported gasoline. 27 



The net efficiency of biomass conversion processes will be of enor- 
mous importance to policy, but it will not be the sole criterion. On 
occasion it is worth paying a premium to convert biomass into a form 
that is more useful. In the conversion of wood into methanol, for 
example, a large fraction of the original energy is lost, but because it 
is rather difficult to fuel an automobile with wood, the energy price 
is worth paying. 

Moreover, the nature of any particular nation's biomass strategy will 
be determined by many factors specific to it: the climate, water, soil, 
amount of available land, and so on. The different types of fuels that 
are the logical end products will depend upon what crop is planted. 
In lieu of a detailed country-by-country inventory of potential energy 
crops and competing uses for land, and a clear determination as to 
whether ocean farming will prove feasible and ecologically acceptable, 
it is not possible to describe all the elements of a biomass strategy. 

Nonetheless, we can gain some idea of the magnitude of the effort 
needed by assuming that all the solid fuel will be wood, that all the 
liquid fuel will be alcohol, and that all the gaseous fuel will be meth- 
ane. It must be recognized, however, that by 2025 it is likely there 
will be a variety of solid, liquid, and gaseous fuels from biomass in the 
commercial marketplace. 

Wood, when dried in the air, has an energy content of about 1.5 x 10' 
kilojoules per metric ton. Hence, to meet the energy needs postulated 
for 1980, 2.6 billion metric tons of wood will be needed annually. 
The 1995 target will demand 4 billion metric tons, the 2010 goal will 
need 4.6 billion, and the target for the year 2025 assumes the con- 
sumption of 5.3 billion metric tons of wood per year. Currently, the 
net annual increment in forest growth is 36 billion tons, of which 
about 2.5 billion tons is used as fuel, with about 5.2 billion tons used 
by society for all purposes. Thus, the amount of wood that would be 
used for energy in the year 2025 is about as high as is currently used 
for all purposes. 28 

The productivity of different species under different conditions varies 
greatly, from a net growth of about two tons per hectare to more than 
40 tons for intensively cultivated, short-rotation, fast-growing trees. 



Some authorities believe that selective breeding and intensive cultiva- 
tion could lead to yields on the order of 80 tons per hectare. Assuming 
net annual growth of 12 tons per hectare on energy farms, the 2025 
goal would require the employment of 440 million hectares for forest 23 
energy crops. This represents about one-sixth of the land area now 
heavily forested and about one-eighth of all forest land. It can also be 
compared with the 1.5 billion hectares currently under agricultural 
cultivation. This level of production appears sufficiently conservative 
to avoid the "mining" of forests now practiced in some locations, 
where forest stocks are depleted at a rate exceeding new biological pro- 
duction, causing diminution of the resource base. The overall effi- 
ciency with which this energy is ultimately used will depend upon the 
conversion process employed. Most wood will probably be burned 
directly as a backup fuel for intermittent energy sources, though some 
will doubtless first be converted to charcoal, methanol, or other inter- 
mediate fuels possessing specific desired characteristics. 2 '' 

Ethanol has an energy content of 2.2 x 10 4 kilojoules per liter, and 
methanol somewhat less. Assuming that an average facility produces 
200,000 liters of alcohol per day, or 73 million liters per year, each 
such distillery will then produce fuel containing 1.6 x 10 12 kilojoules 
per year. Thus, if our goals for liquid fuels were to be met entirely by 
alcohol from such plants, the 1995 target would require the construc- 
tion of 12,500 facilities. The 2010 target requires 31,250 alcohol pro- 
duction facilities, and the 2025 goal would require 50,000. 



By the year 2025, it should be possible to grow crops yielding more 
than 3,000 liters of ethanol per hectare. Sugar cane now produces be- 
tween 3,000 and 3,400 liters per hectare in those regions where it can 
be successfully cultivated. Increased yields could be achieved with 
new or improved species, with multiple cropping, or with improved 
conversion of crops into fuel. However, assuming a yield of 3,000 
liters per hectare, meeting the proposed 2025 liquid fuel target entire- 
ly from ethanol could require up to 1.2 billion hectares. Again, com- 
paring this with the 1.5 billion hectares now under agricultural cul- 
tivation worldwide provides a clearer idea of the enormitv of this 
goal. 30 



Of course, all liquid fuels won't come from "ethanol crops.'' Meth- 
anol can be derived from a variety of sources, and ethanol itself can be 
manufactured from many organic wastes. Several plant families yield 
a sap that is rich in complex hydrocarbons, and some of these plants 
can flourish in dry, inhospitable environments. Yet the central fact 
remains: the production of liquid fuels as substitutes for oil will be 
one of the most difficult tasks of the solar transition. If it proves too 
difficult, liquid fuels will simply cease playing as important a role in 
human affairs as they now do. 

Methane contains about 4 x 10 4 kilojoules per cubic meter. Hence, 
500 billion cubic meters of methane are needed to meet the 1995 goal, 
1 trillion cubic meters for the 2010 target, and 1.5 trillion cubic meters 
by 2025. The biogas produced by anaerobic digestion is only 50 to 
60 percent methane, and most of the other gases produced have lower 
energy values. Hence, more biogas will have to be produced to meet 
our targets than if it were pure methane. The 2025 goal, for example, 
might demand over 2 trillion cubic meters of biogas. 

About half of this methane can be obtained from the wastes of existing 
systems built upon biological products. The remaining half could be 
derived from aquatic plants, such as fresh water hyacinths or giant 
ocean kelp. If cultivated at sea, approximately one-fifth of 1 percent 
of the ocean surface would be needed. If successful, such kelp farms 
could also relieve some of the pressures put on the land by the de- 
mand for liquid fuels. 31 

With wise management, the total energy attributed in this timetable 
to biomass fuels can be harvested on a sustainable basis. It is less 
clear that there is scope for increasing production much beyond this 
level. There is a popular tendency to think of renewable resources as 
infinite resources, but this is a confusion of size with duration. If 
care is taken, biological crops can be cultivated in perpetuity. But with 
short-sighted management, energy crops (like all other biological 
systems) can simply collapse. 

Already, vast treeless regions can be found in the Middle East, North 
Africa, Asia, and South America. Multinational corporations and des- 
perate villagers alike have too often failed to replant seedlings after 



"There is a popular tendency to think of 
renewable resources as infinite resources, 
but this is a confusion of size with 

duration." 



the harvest of mature trees. If wood is to play a large role in the 
coming energy transition, successful reforestation programs must be 
among the world's highest energy priorities. Moreover, it is essential 
that reforestation programs be concerned with diversity and stability 
as well as yield. Extensive monocultures could lead to dependence 
upon forests that are vulnerable to all sorts of threats. Because several 
years of growth are required for the maturation of even short-rotation 
energy crops, the loss of such crops before harvest could be calami- 
tous. 32 

If pursued without foresight, as has too frequently occurred with the 
development of virgin lands, the biological resource base could be 
rapidly depleted. Unless nutrients are recycled to the earth, the crops 
will effectively "mine" the soil. Unless harvested areas are immediately 
resewn with good ground cover, flooding will strip away irreplace- 
able topsoil. Unless conversion processes are carefully chosen and 
matched with crops, more energy will be used to produce a unit of 
renewable fuel than the fuel itself contains. 

Even as they exhibit these various environmental vulnerabilities, 
biological fuels possess some unique advantages. Notably, unlike 
the fossil fuels that they could displace, renewable fuels would make 
no net contribution to atmospheric carbon dioxide. The plants that 
are the sources of these fuels draw as much carbon dioxide from the 
air during the process of photosynthesis as is returned to the air 
when the fuel is burned. 

As part of an integrated, sensible strategy of producing energy in per- 
petuity instead of maximizing short-term production, the use of bio- 
logical energy sources is one of the most attractive options available. 
They can provide the ideal buffers in the transition to a post-petro- 
leum era because they are so similar in nature to the fossil fuels on 
which we currently depend so heavily. 

Electricity 

Electricity is, in many respects, a splendid form of energy. It can per- 
form a variety of tasks, from cooking an egg to powering a computer. 
Large amounts of electrical energy can pass through comparatively 



tiny wires, permitting the more efficient design of factories and other 
energy-intensive facilities. Electricity is clean at the point of end-use, 
and it can be instantly available at the flip of a switch. 

On the other hand, electricity tends to be much more expensive than 
other forms of energy. Electricity is difficult to store for long periods, 
and transmission grids are vulnerable to natural phenomena, common 
human error, and conscious malevolence. Major environmental costs 
are usually associated with the power plant and with the production 
of its fuel. It would therefore seem sensible to use electricity when it 
exhibits a marked advantage over competing forms of energy, and to 
look elsewhere when electricity holds no advantage. 

During the next 50 years, the use of electricity will almost certainly 
grow more rapidly than energy use in general. This assumption is 
based in part on the belief that electricity will become available to hun- 
dreds of millions of people who do not currently have access to it. 
Partly, also, it is based on the assumption that more of the uses of 
energy that emerge in the next 50 years will rely on electricity than on 
other energy sources. On the other hand, these estimates of the 
growth rate for electricity are far lower than those forecast by most 
proponents of a nuclear- or coal-dominated future. They include the 
assumption that a series of foreseeable technical advances will make 
solar-electric technologies sufficiently inexpensive for the proposed 
levels of usage to be economically practicable. If this assumption 
proves in error— if cost reductions do not occur as rapidly as expected 
—either the total use of electricity will be lower, or some fraction of 
the chemical fuel supply will have to be allocated to electrical genera- 
tion, or both. 33 

Currently, the most commonly harnessed solar source of electricity is 
hydropower (although limited amounts of sugar cane residue, organic 
municipal wastes, wood, and even coconut husks are also converted 
into electricity). In 1976, hydropower was the source of 72.6 percent 
of all Canadian electricity. Most surveys suggest more hydroelectric 
development globally than would actually be feasible. Conventional 
surveys too often ignore the flooding of fertile agricultural bottom 
lands, and plan for the construction of dams in geologically unstable 
areas (where they may rapidly fill with silt). The more conservative 



assumption used in this timetable is that global hydroelectric ca- 
pacity will increase fourfold in the next 50 years. Wind power and 
solar photovoltaic cells are expected to shoulder the bulk of the re- 
maining electrical generating burden, although ocean thermal-electric 
stations could provide an attractive supplement if their economic 
costs and environmental consequences prove acceptable. 34 

Wind turbines once provided significant amounts of electricity. In 
1916, Denmark had more than 1,300 operating wind generators. By 
1940, the United States had built about six million. Before the Ameri- 
can rural electrification program, wind turbines were the only source 
of electricity available to much of rural America. But cheap fossil fuels 
and inexpensive hydroelectric facilities, combined with large federal 
subsidies for integrated electrical grids, priced wind power out of the 
marketplace in a matter of years. However, now that the cost of fossil 
fuels is rising dramatically, wind power is once again beginning to re- 
ceive serious international attention. Many interesting new technolo- 
gies are being pursued, including vertical axis windmills that turn in 
the wind like spinning coins. In many parts of the world, electricity 
generated from the wind already makes economic sense. With declin- 
ing costs brought about by mass production and technological inno- 
vation, the use of wind power can be expected to increase rapidly, first 
in rural areas of the developing world and then in the most wind-rich 
parts of the industrial world. 35 

The most exciting solar-electric prospect is the photovoltaic cell, a 
simple device that generates electricity directly when sunlight falls on 
it. Photovoltaic cells have no moving parts, consume no fuel, and pro- 
duce no bomb-grade materials. Fashioned from relatively abundant 
elements, they have long lifetimes, and require little maintenance. ,0 

Photovoltaic cells are modular by nature, and little is to be gained by 
grouping large masses of cells at a single collection site. On the con- 
trary, they are most sensibly used in a decentralized fashion— perhaps 
incorporated in the roofs of buildings— so that transmission and stor- 
age problems can be minimized. With decentralized use, solar cells 
can be efficiently combined with compatible technologies to use waste 
heat for space heating and cooling, water heating, and refrigeration. 



In the summer of 1977, a photovoltaic array in Mead, Nebraska irri- 
gated 80 acres of corn at 1,000 gallons per minute. 

The manufacture of photovoltaic cells is currently a low volume busi- 
ness and the products are consequently rather expensive. But with 
mechanized mass production, costs should plummet; they are, in fact, 
already falling rapidly. Solar cells cost about $200,000 a peak kilo- 
watt in the late fifties. By early 1975, the costs had dropped to 
$31,000; by September 1976, the figure was $15,500. In early 1977, 
the cost of solar cells fell to $11,750 a peak kilowatt. And in Decem- 
ber 1977, an Arkansas Community College contracted for a photo- 
voltaic system for $6,000 per peak kilowatt. Making allowances for 
the average availability of sunshine versus the average capacity factor 
of large nuclear power plants, and considering costs and losses during 
transmission and storage, solar cells are now probably about ten times 
as expensive as nuclear power in the most favorable regions of the 
United States. Solar cells now cost about one-tenth of what they cost 
five years ago; nuclear power now costs about twice as much as it cost 
five years ago. 37 

The earth now has about 100,000 megawatts of nuclear capacity and 
about one megawatt of photovoltaic capacity. With mass production, 
solar cell costs are expected to continue falling dramatically. The cur- 
rent goals of the U.S. Department of Energy are to drive prices down 
to $2,000 per peak kilowatt by 1980, $500 per peak kilowatt by 
1985, and $100 to $300 per peak kilowatt by 1990. At present prices, 
solar cells make economic sense for remote applications of various 
kinds; at 1985 prices, they will be cost-effective for peak power pro- 
duction in much of the industrial world; and at 1990 prices, they 
should experience the kind of market penetration needed for a suc- 
cessful solar transition. With a substantial international effort, the 
pace of these cost reductions might well be accelerated. 38 

One kilowatt-hour of electricity equals 3,600 kilojoules. Hence, to 
meet the 1995 target for electricity from renewable sources, 5.6 tril- 
lion kilowatt-hours would have o be generated by then per year. The 
2010 goal would require 12.5 trillion kilowatt-hours, and the 2025 
target would need nearly 28 trillion kilowatt-hours. In comparison, 



"Solar cells now cost about one-tenth of 
what they cost five years ago." 



current worldwide production of electricity from all sources is about 
seven trillion kilowatt-hours. 

For hydroelectricity, this assumes that additions roughly equal to the 
current installed capacity will be made every 15 years. Assuming that 
average wind turbines have a rated capacity of 500 kilowatts allows 
some estimation of the needed effort in wind power. (These would 
produce enough electricity to meet the current demand of about 200 
average homes in the United States.) These turbines would be located 
on sites with sufficiently steady wind to produce power at an average 
of 40 percent of their rated capacity. Under such assumptions, the 
1995 wind-power goal would require 800,000 windmills. The target 
for 2010 will demand some 1.6 million wind turbines, and by 2025 
nearly 5 million wind turbines must be operating. Thus by 2025, the 
world would have about as many large wind turbines as there were 
small windmills in the United States in 1940. y> 

By 2025, significant amounts of electricity should be available from 
various solar-thermal devices, including small, low-temperature en- 
gines using organic working fluids. It is also possible that large power 
plants will be using the temperature differences between ocean gradi- 
ents to produce steady, round-the-clock power. But an assumption 
that all the solar-electric power will be derived from solar cells allows 
a rough sense of the magnitude of the required effort. 

Averaged worldwide and over an entire year, a kilowatt of photovoltaic 
capacity should produce some six kilowatt-hours of electricity per 
day. To achieve the 1995 solar-electric goal will require the production 
and installation of 1.2 million megawatts of photovoltaic capacity. 
The 2010 goal will need almost 4 million megawatts of capacity, and 
the 2025 target anticipates a photovoltaic capacity of about 7.5 million 
megawatts. 



Getting There from Here 

Solar energy is now receiving far more international attention than 
ever before. A recent survey found formal solar research programs in 



63 countries. Clearly the leader in research spending is the United 
States, with a current budget approaching $400 million and reason- 
able prospects for double that amount in 1979. Yet for all the public 
interest and enthusiasm, the mainstream energy establishment has 
remained rather aloof. Even the high U.S. budget represents a mere 
4 percent of federal energy research and development spending. Few 
planners have devoted the sort of time and attention to renewable re- 
sources that they have given to nuclear energy or coal— even in coun- 
tries rich in sunlight but with no domestic reserves of uranium or 
coal. Only a handful have examined what an aggressive solar path 
might look like. 40 

Sweden is one that has. The Swedish Secretariat for Future Studies 
has mapped out in some detail a path that Sweden might follow in 
order to be entirely dependent upon renewable energy resources by 
2015. The report, Solar Sweden, assumes that total energy use will 
increase 37 percent by 2015, and that the existing nuclear facilities 
will have finished their useful lives by then and been replaced by solar 
technologies. Of the total energy used, 62 percent would be derived 
from biological resources, 13 percent from solar heating, 11 percent 
from hydropower, 9 percent from photovoltaics, and 5 percent from 
wind power. 41 

Under the Swedish plan, biological sources will require between 6 and 
7 percent of the land area of the country. Photovoltaic cells will be 
placed on the roof areas of densely populated districts. The wind 
component will require the construction of 250 four-megawatt wind 
turbines— the energy equivalent of a large nuclear reactor— every year. 
Two-thirds of the Swedish energy research budget for 1978-81 is 
concentrated on renewable sources. Nuclear fission and nuclear fusion, 
by comparison, each receive only 12 percent of the Swedish federal 
energy research budget. Although the results of this study have not 
yet been folded into official policy, the prospects for a solar Sweden 
nave at least been officially scrutinized and found plausible. 

Japan, on the other hand, is manifestly on an unsustainable energy 
path but has given little serious attention to a possible change of 
course. Now utterly dependent upon foreign sources of fuel, Japan 
hopes to produce domestically 15 percent of its energy needs by 1985, 



and 22 percent by the turn of the century. These modest projections 
are misleading, however, because two- thirds of domestic energy would 
come from nuclear power, which is "domestic" only in a very loose 
sense since the country must import uranium. Yet, an energy growth 
rate of 5.2 percent per year is forecast through 1984, and 3.0 percent 
growth is expected from 1985 through 2000. 42 

The official energy plan in Denmark, unveiled in 1976, showed re- 
newable energy resources constituting just 4 percent of the national 
energy budget by 1995. Scientists and engineers from leading Danish 
universities subsequently prepared an alternative energy plan, under 
which the contribution from renewable sources would be tripled. The 
alternative plan, produced under very conservative assumptions, ef- 
fectively undercut the government's rationale for major investments in 
nuclear power and led to a postponement of the official commitment 
to nuclear energy. 43 

In Britain, the House of Commons Select Committee on Science and 
Technology reported in 1977 that the Department of Energy "must 
accord greater priority to renewable sources in view of their potential 
importance." It urged the establishment of specified "target dates" for 
development of working projects "so that those renewable sources 
which prove to be technically and economically viable are in a position 
to begin making a worthwhile contribution to the United Kingdom 
energy requirements by 1990." This report has not had much policy 
impact as yet, however. The British Department of Energy is funding 
the world's most ambitious project for harnessing "wave power," but 
it remains unexcited about other renewable energy resources. 44 

A report by the Australian Academy of Science recommended that fed- 
eral research on solar energy and byconversion be greatly increased. 
As a target, the report suggested that more than one-fourth of all pri- 
mary energy be derived from solar resources— chiefly solar heaters and 
liquid fuel from biomass—by the year 2000. The Commonwealth 
Scientific and Industrial Research Organization has in fact been spon- 
soring solar energy research for more than 20 years. In the last few 
years this research effort has begun to see practical application. To- 
day, about 30,000 Australian homes employ some sort of solar tech- 



nology— mostly water heaters, the production of which has increased 
fivefold since mid-1976.'' 

If eucalyptus were used to meet the goal of the Australian Academy 
for alcohol fuel for automobiles, about 200 million tons of wood 
would be needed each year. Seventeen factories, each associated with 
a 740,000-hectare plantation and capable of producing 4,000 tons of 
alcohol per day, would be constructed. If sugar cane were the energy 
crop, only one-fourth as much land would be required, but seasonable 
storage could pose problems. Some combination of crops would 
doubtless be optimal. 

The government of Brazil is actively pursuing a similar course al- 
ready. It is encouraging the substitution of alcohol, produced from 
sugar cane and manioc, for 20 percent of the country's gasoline by 
the early eighties, and for 100 percent of imported petroleum fuels 
as soon as possible. Sixty billion liters of alcohol would be required 
to replace current consumption of gasoline, diesel, and fuel oil. Annu- 
al production is only 740 million liters of alcohol today, but the pro- 
gram is growing rapidly. To produce 60 billion liters, about 4 percent 
of the land area of Brazil may have to be dedicated to energy crops. 4 " 

It is difficult to ascertain China's energy strategy for the future, but it 
is clear that at least some renewable energy technologies are being 
pursued vigorously. With 60,000 mini-hydroelectric facilities and 5.4 
million biogas plants, China is the obvious world leader in both areas. 
Passive solar greenhouses are used extensively, and the climate in 
China is ideal for applying passive solar design to houses as well. 

Diverse lands with different geographies, climates, and cultures are 
turning toward the sun. This is no cause for surprise. The resource 
base is abundant. Many proven technologies can be employed to 
harness renewable energy sources. Tapping such resources avoids 
many of the more disturbing consequences of conventional energy 
growth. The important question is no longer whether solar energy 
will be developed. The questions today are, How much and how 
soon? 



No insurmountable technical or material difficulties will hinder the 
solar transition. The major long-term constraint appears to be com- 
petition for land, especially for energy crops versus other crops. Some 
important questions remain outstanding, such as the net energy de- 
livered by some solar processes, and the possibilities for innovative 
ways to store sunlight. We have solutions in hand for all these prob- 
lems, but they are not necessarily the best possible solutions. None- 
theless, we know enough to proceed, realizing that improvements 
will emerge over time. 4 " 

Many social questions— some of them trifling, some of them momen- 
tous—must also be resolved. What effect will solar energy have on 
employment? Studies in the United States found that solar technolo- 
gies produce more jobs than any other energy sources; Brazilian 
studies of ethanol production suggest that it will be highly labor- 
intensive as well. As solar electricity becomes cost competitive, what 
changes will there be in the regulation of utilities, and in the relation 
of the utility to its community? Some utilities may try to monopolize 
the sun; others may decide to oppose it. How is capital to be made 
available to the family or neighborhood at rates that make purchases 
attractive? How are warranties to be established for items that may 
make economic sense only after seven years of use? Whose aesthetic- 
judgment will prevail regarding the attractiveness of various pieces 
of equipment? 48 

A transition to an efficient, sustainable energy system is both tech- 
nically possible and socially desirable. But 150 countries of widely 
different physical and social circumstances are unlikely to make such 
a transition smoothly and painlessly. Every potential energy source 
will be championed by vested interests and fought by die-hard oppo- 
nents. Bureaucratic inertia, political timidity, conflicting corporate 
designs, and the simple, understandable reluctance of people to face 
up to far-reaching change will all slow the transition down. Even 
when clear goals are widely shared, they are not easily pursued. Poli- 
cies tend to provoke opposition; unanticipated side effects almost 
always occur. 

If the path is not easy, it is nonetheless the only road worth taking. 
For 20 years, global energy policy has been headed down a blind alley. 



It is not too late to retrace our steps before we collide with inevitable 
boundaries. But the longer we wait, the more tumultuous the eventual 
turnaround will be. 



Notes 



1. Denis Hayes, Rays of Hope: The Transition to a Post-Petroleum World 
(New York: W. W. Norton & Co., 1977). 

2. The only two attempts with which I am familiar are Jerome Martin Wein- 
gart, The Helios Strategy: An Heretical View of the Potential Role of Solar 
Energy In the Future of A Small Planet (Luxemburg, Austria: International 
Institute for Applied Systems Analysis, February 1978); and Theodore B. 
-Taylor et al, A Preliminary Assessment of Prospects for Worldwide Use of 
Solar Energy (Washington, D.C.: T. B. Taylor Associates, February 1978, 
draft). 

3. Typical of the new wave of informed pessimism is the Report of the Work- 
shop on Alternative Energy Strategies, Energy: Global Prospects 1985-2000 
(New York: McGraw-Hill, 1977). The best single guide to the complex world 
of petroleum estimates is probably D. C. Ion, Availability of World Energy 
Sources (London: Graham & Trotman, Ltd., 1976). The Vice Chairman of the 
Sun Oil Company, Robert W. Donahue, is quoted in Hugh D. Menzies, 
"Why Sun is Educating Itself Out of Oil," Fortune, February 27, 1978. Sun 
Oil is the 29th-largest corporation in the United States. 

4. Lester B. Lave and Eugene P. Seskin, Air Pollution and Human Health 
(Baltimore: Johns Hopkins University Press, for Resources for the Future, 
1977); National Academy of Sciences, Energy and Climate (Washington, D.C.: 
1977); Stephen H. Schneider with Lynne E. Mesirow, The Genesis Strategy: 
Climate and Global Survival (New York: Plenum Press, 1976); William W. 
Kellogg, "Is Mankind Warming the Earth?," Bulletin of the Atomic Scientists, 
February 1978. 

5. J. H. Mercer, "West Antarctic Ice Sheet and CO: Greenhouse Effect: A 
Threat of Disaster," Nature, January 26, 1978. 

6. "Energy Miracle Needed, Official Says," New York Times, February 24, 
1978. 

7. Ted Greenwood, Harold A. Feiveson, and Theodore B. Taylor, Nuclear 
Proliferation: Motivations, Capabilities, and Strategies for Control (New 
York: McGraw-Hill, for the Council on Foreign Relations, 1977), Nuclear 
Energy Policy Study Group, Nuclear Power: Issues and Choices (Cambridge, 
Mass.: Ballinger Publishing Company, 1977). The figures on missing bomb- 
grade materials were in previously classified studies of the U.S. Nuclear Regu- 
latory Commission and the Energy Research and Development Administration 
that were released as a result of a Freedom of Information suit, as reported in 
Nuclear Info, a publication of the Atomic Industrial Forum, August 1977. 



8. William Metz, Fusion Power: What is the Program Buying the Coun- 
try?, Science, June 25, 197e>; Fusion Research: Detailed Reactor Studies 
Identify More Problems," Science, July 2, 197o; Fusion Research: New 
Interest in Fusion- Assisted Breeders, Science, Julv 23, 197e>; Francis F. Chen. 
Alternate Concept in Controlled Fusion (Palo Alto, Calif.: Electric Power Re- 
search Institute, May 1977; released February 1978). 

9. Herman E. Daly Steady-State Economics (San Francisco W. H. Freeman 
and Co., 1977); Energy Demand Forecasting: Prediction or Planning?, 
journal of the An:?rican Institute of PLvmers, January 197o, U.S. House of 
Representatives, Committee on Interior and Insular Affairs, Energy "De- 
mand" Studies: An /analysis and Appraisal, Committee Print, September 1^72. 

10. Lester R. Brown, The Twenty-Ninth Day: Accornmodati)ig Human Needs 
and Numbers to the Earth's Resources (New York: W. W. Norton & Co., 
1978); Hayes, Rays of Hope; Roger Sant, "Adjusting Capital Stock to Higher 
Energy Using Efficiencies," in Charles Hitch, ed., Energy Conservation and 
Economic Growth (Boulder, Col.: Westview Press, for the American Associa- 
tion for the Advancement of Science, forthcoming). 

11. Joel Darmstadter, Joy Dunkerley, and Jack Alterman, How Indus. rial So- 
cieties Use Energy: A Comparative Analysis (Baltimore: Johns Hopkins Uni- 
versity Press, for Resources for the Future, 1977); Thomas F. Widmer and 
Flias P. Gyftopoulos "Energy Conservation and a Health Economy," Tech- 
nology Review, June 1977; Lee Schipper and Joel Darmstadter, "The Logic 
of Energy Conservation," Technology Review, January 1978; Eric Hirst, 
Energy and Economic Benefits of Residential Energy Conservation, Oak 
Ridge National Laboratory, Oak Ridge, Tenn., February 1978; Science Coun- 
cil of Canada, Canada as a Conserver Society (Ottawa, Ont.: September 1977); 
Department of Energy, Mines, and Resources, Energy Conservation: A Maior 
Element in Canada's Energy Strategy (Ottawa, Ont.: 1977); David B. Brooks, 
with R. Erdmann and G. Winstanley, "Some Scenarios of Energy Demand in 
Canada in the Year 2025," Enquete Energetique, Ottawa, Ont., April 1977; 
John C. Myers, "Energy Conservation and Economic Growth— Are They In- 
compatible?,' The Conference Board Record, February 1975: Bruce Hannon, 
Energy, Growth, and Altruism, Paper No. 151, Center for Advanced Com- 
putation, University of Illinois, September 1975; Richard Grossman and Gail 
Daneker, Jobs and Energy (Washington, DC : Environmentalists for Full 
Employment, 1977). 



12. "Exploring Energy-Efficient Futures for Canada, " Conserver Society 
Notes, Ottawa, Ont., May-June 1976; Secretariat for Future Studies, Solar 
Sweden (Stockholm: 1978); Amory Lovins, Soft Energy Paths (Cambridge, 
Mass.: Ballinger Publishing Co., 1977); M. Christensen et al, eds., Distrib- 
uted Energy Technologies in California's Energy Future: A Preliminary Re- 
port (Springfield, Va.: National Technical Information Service, September 
1977). 

13. Hayes, Rays of Hope; Anil Agarwal, "Solar Energy and the Third World," 
New Scientist, February 9, 1978. 

14. The best reviews of the current state of passive solar technology are the 
proceedings of the two Passive Solar Energy Conferences, sponsored by the 
U.S. Department of Energy, held in Albuquerque (1976) and Philadelphia 
(1978). 

15. Periodic updates on the volume of U.S. solar installations are published 
by the National Solar Heating and Cooling Information Center, Box 1607, 
Rockville, Md. 20850. See also "Europe: A Burst of Energy in Solar Heating, " 
Business Week, March 6, 1978. 

16. William C. D'_kinson, "Solai Energy for Industrial Process Heat," Solar 
Age, August 1977; Roger N. Morse, "Solar Energy in Australia," Ambio, Vol. 
6, No. 4, 1977. 

17. Raymond W. Bliss, "Why Not Just Build the House Right in the First 
Place?," Bulletin of the Atomic Scientists, March 1976, Owens-Corning 
Fiberglass, Energy-Saving Homes: The Arkansas Story, June 1976. 

18. Hayes, Rays of Hope. 

19. Private communication, February 7, 1978. 

20. Theodore Taylor, "Low-Cost Solar Energy," Proceedings of the Inter- 
national Scientific Forum on an Acceptable Nuclear Future for the World, 
November 11, 1977 (London: Pergamon, in press); Denis Hayes, "We Can 
Use Solar Energy Now," Washington Post, February 26, 1978. 

21. U.S. Energy Research and Development Administration, An Economic 
Analysis of Solar Water and Space Heating, Washington, DC, November 
1976. 

22. Denis Hayes, "Biological Sources of Commercial Energy," BioScience, 
August 1977. 



23. David E. Earl, Forest Energy and Economic Development (Oxford: Clar- 
endon Press, 1975); D. O. Hall, "Solar Energy Conversion Through Biology: 
Is It A Practical Energy Source?," Department of Plant Sciences, King's Col- 
lege, University of London, August 1977. 

24. Paul Bente, private communication, March 21, 1978. 

25. General Electric is now managing an experimental kelp farm, sponsored 
by the American Gas Association, five miles off Laguna Beach, California. 
The kelp, when harvested, will be converted by anaerobic digestion into 
methane. 

26. Vaclav Smil, "Energy Solution in China," Environment, October 1977. 

27. Allen Hammond, "Alcohol: A Brazilian Answer to the Energy Crisis," 
Science, February 11, 1977; Fradley Garner, "View from Abroad: Brazil Grows 
its Motor Fuel," Environment, January/February 1978; Jose Godemberg 
et al, Energia do Brasil (Sao Paolo: Academia de Ciencias de Sao Paolo, 1977). 

28. Earl, Forest Energy. 

29. Mitre Corporation, Silvicultural Biomass Farms (Arlington, Va.: 1977). 
While 12 tons per hectare is not an arbitrary figure, it is also not a "hard" 
number. It is an optimistic, though plausible, judgement regarding the likely 
average worldwide yield of biomass farms 50 years hence. If high-yield, nitro- 
gen-fixing trees that can flourish on marginal land with minimal care are 
bred, this estimate could prove conservative. If, on the other hand, no signifi- 
cant advances in silviculture are successfully propagated over the next five 
decades, the 12-ton figure will prove too high. (Although much higher yields 
than this are already being achieved on test plots, record agricultural yields 
from small plots are often four to eight times higher than average yields. See 
C. C. Burwell, "Solar Biomass Energy: An Overview of U.S. Potential," Sci- 
ence, March 10, 1978.) 

30. Brown, The Twenty-Ninth Day. Another potentially very serious con- 
straint on biomass production will be the desire, for both esthetic and eco- 
logical reasons, to leave large tracts of land unintruded upon by commercial 
human activities. To the extent that monocultures are introduced into areas in 
which there now exists a rich, virgin ecosystem, the change could destroy 
important parts of the world's genetic stock of biological diversity. 

31. Howard Wilcox, "Ocean Farming," in Proceedings of a Conference on 
Capturing the Sun Through Bioconversion (Washington, D.C.: Washington 
Center for Metropolitan Studies, 1976). 



32. Erik Eckholm, Losing Ground: Environmental Stress and World Food 
Prospects (New York: W. W. Norton & Co., 1976). 

33. The most comprehensive treatment of the prospects for economic break- 
throughs in the decentralized solar generation of electricity is U.S. Office of 
Technology Assessment, Application of Solar Technology to Today's Energy 
Needs (Washington, D.C.: June 1977). 

34. Private communication, Harry Swain, Senior Advisor, Canadian Depart- 
ment of Energy, Mines, and Resources, February 21, 1978; World Energy 
Conference, Survey of Energy Resources (New York: Privately published for 
the World Energy Conference, 1974). 

35. Norman L. Brown and James W. Howe, "Solar Energy for Village Devel- 
opment," Science, February 10, 1978; Hayes, Rays of Hope; William D. 
Metz, "Wind Energy: Large and Small Systems Competing," Science, Sep- 
tember 2, 1977. 

36. Henry Kelly, "Photovoltaic Power Systems: A Tour Through the Alterna- 
tives," Science, February 10, 1978. 

37. Hayes, "We Can Use Solar Energy Now." 

38. H. H. Marvin, "Photovoltaic Program Plan Restructure," Energy Re- 
search and Development Administration, Memorandum, August 5, 1977. 

39. The capacity factor for wind generators at good locations was provided 
by the wind division of the U.S. Department of Energy. 

40. The survey was completed for the Tata Energy Research Institute in 
Bombay, released at the 1978 Conference of the International Solar Energy 
Society, and reported in Agarwal, "Solar Energy and The Third World." 

41. Secretariat for Future Studies, Solar Sweden; Swedish Energy Research 
and Development Commission, Swedish Programme: Proposal for Energy 
Research, Development, and Demonstration, Stockholm, 1977. 

42. National Institute for Research and Development, "Choice of a Long- 
term Energy Strategy: In Preparation for the Forthcoming Crisis," Tokyo, 
Japan, 1977. 

43. Sussanne Blagaa et al, "Alternative Danish Energy Planning," Energy 
Planning, June 1977. 



44. House of Commons, The Development of Alternative Sources of Energy 
for the United Kingdom (London: Her Majesty's Stationery Office, 1977). 

Mf% 45. Australian Academy of Science, Report of the Committee on Solar Energy 
f*U Research in Australia, September 1973; Morse, "Solar Energy in Australia.'' 

46. Hammond, "Alcohol: Brazilian Answer"; Banco Real Economic Report, 
Brazil, April 1977. 

47. The net energy issue is probably of greatest concern with regard to bio- 
logical energy sources. A good summary of the Brazilian experience with one 
part of this problem (disposing of stallage from alcohol production) is in 
Seminario Internacional Sobre Tratemento de Vinhoto (Rio de Janeiro: In- 
stitute Nacional de Tecnologia, 1976). 

48. State of California Employment Development Department, "A Compara- 
tive Analysis of the Employment Effects of Solar Energy in California," Sac- 
ramento, Calif., 1977; Fred Branfman, "Jobs from the Sun," California Public 
Policy Center, Los Angeles, Calif., February 1978; Banco Real Economic Re- 
port; David Morris, "Solar Cells Find Their Niche in Everyday Life on Earth," 
Smithsonian Magazine, October 1977; John Reuyl et al, A Preliminary Social 
and Environmental Assessment of the ERDA Solar Energy Program, 1975- 
2020 (Menlo Park, Calif.: Stanford Research Institute, 1976); RUPI, Inc., 
Federal Incentives for Solar Homes: An Assessment of Program Options 
(Washington, D.C.: Department of Housing and Urban Development, 1977); 
Alan S. Miller et al, Legal Barriers to Solar Heating and Cooling of Buildings 
(Washington, D.C.: Environmental Law Institute, 1976). 



DENIS HAYES is a Senior Researcher with Worldwatch Institute and 
author of Rays of Hope: The Transition to a Post-Petroleum World 
(W. W. Norton, 1977). His research encompasses alternative global 
energy strategies, energy conservation, and nuclear proliferation. He 
is chairman of the board of directors of Solar Action, Inc., the orga- 
nizers of Sun Day. Prior to joining Worldwatch, he was director of 
the Illinois State Energy Office, and a guest scholar at the Woodrow 
Wilson Center of the Smithsonian. 



THE WORLDWATCH PAPER SERIES 

1. The Other Energy Crisis: Firewood by Erik Eckholm. 

2. The Politics ana Responsibility of the North American / i~ 

basket by Lester R. Brown. 

3. Women in Politics: A Global Review by Kathleen Newland. 

4. Energy: I he Case for Conservation by Denis Hayes. 

5. Twenty- two Dimensions of the Population Problem by Lesi< K 

Brown, Patricia L. McGrath, and Bruce Stokes. 

6. Nuclear Power: The Fifth Horseman by Denis Hayes. 

7. The Unfinished Assignment: Equal Education for Wo me;. v 

Patricia L. McGrath. 

8. World Population Trends: Signs of Hope, Signs of Stress by 

Lester R. Brown. 

9. The Two Faces of Malnutrition by Erik Eckholm and Frank 

Record. 

10. Health: The Family Planning Factor by Erik Eckholm and Kath- 

leen Newland, 

11. Energy: The Solar Prospect by Denis Hayes. 

12. Filling The Family Planning Gap by Bruce Stokes. 

13. Spreading Deserts—The Hand of Man by Erik Eckholm and 

Lester R. Brown. 

14. Redefining National Security by Lester R. Brown. 

15. Energy for Development: Third World Options by Denis Hayes. 

16. \ Ai men and Population Growth: Choice Beyond Childbearing by 

Kathleen Newland. 

17. Local Responses to Global Problems: A Key to Meeting Basic 

Human Needs by Bruce Stokes. 

18. Cutting Tobacco's Toll by Erik Eckholm. 

19. The Solar Energy Timetable by Denis Hayes. 



Worldwatch publications are available on a subscription basis for 
$25.00 a year. Subscribers receive all Worldwatch papers and books 
published during the calendar year for a single annual subscription. 
Single copies of Worldwatch Papers, including back copies, can be 
purchased! for $2.00. Bulk copies are available at the following prices: 
2-10 copies, $1'50 per copy; 11-50 copies, $1.25 per copy; and 51 
or more copies, $1.00 per copy. 



two dollars 



World watch Institute 

1 776 Massachusetts Avenue, N.W. 

Washington, D.C. 20036 USA 



